ABSTRACT
INTRODUCTION
Plasmid DNA has been receiving increased interest for use as a vector for in vivo delivery in gene therapy (14) . Results have shown that plasmid-based therapies are being successfully used in a variety of clinical applications, including vaccines and cancer treatments (1, 9, 10, 17, 24) . Like other therapeutic products, plasmid DNA manufactured in Escherichia coli for pharmaceutical use must meet rigorous purity standards (3, 4) . The contaminants that need to be measured for plasmid production are similar to those for E. coli -derived recombinant protein pharmaceuticals including proteins, endotoxin and chemical residuals (18) (19) (20) . Host cell DNA contamination of the plasmid preparation is also a significant concern due to the theoretical possibility of integration (7, 12, (21) (22) (23) . The current standard for determining host cell levels in a plasmid preparation is a Southern blot hybridization-based method. This method is well established; however, it is time-consuming, requires large quantities of sample and, most importantly, lacks quantitative power. As an increasing number of gene therapy protocols proceed from animal systems to human clinical investigations, there is a demand for faster and more sensitive assays to determine contaminant levels.
The technology described in this paper is an automated kinetic polymerase chain reaction (PCR)-based method that allows for real-time quantification of target nucleic acids. This kinetic PCR technology uses the ABI P RISM ® 7700 Sequence Detection System instrumentation in conjunction with a fluorogenic probe (the TaqMan ® probe). This approach utilizes the 5 ′ exonuclease activity of TaqDNA polymerase to digest a fluorogenic probe homologous to a region between primer binding sites (5, 11, 15) . The probe is labeled with a reporter fluorescent dye on the 5 ′ end and a quencher dye on the 3 ′ end and is digested during amplification, releasing the dye from the probe and allowing the dye to fluoresce. The digestion of the probe is dependent on the extension reaction, ensuring that free probe is not degraded and that it will not act as a source of unquenched reporter dye (11) . The amount of fluorescence is monitored throughout the course of the PCR, allowing for real-time determination of the progress of the PCRs (6, 8) .
These recent advances in kinetic PCR have allowed breakthroughs in quantitative PCR. This technology has permitted development of extremely sensitive and truly quantitative PCR methods (6, 8) . Under certain circumstances, detection down to the singlecopy level is possible (16) . We have developed an assay using kinetic quantitative PCR to determine the amount of E. coli host-chromosome DNA within a plasmid sample based on the quantitation of the highly conserved 23S rDNA, a 7-copy gene (2) . This new quantitative host-cell contaminant assay is faster, more sensitive and can be run with a smaller amount of sample than the current methods.
MATERIALS AND METHODS

DNA Preparation
E. coli DH10B ™ cells (Life Technologies, Gaithersburg, MD, USA) were grown in liquid culture, and chromosomal DNA was isolated as previously described (25) . Plasmid DNA samples were purified according to a modification of a column chromatography method described in Horn et al. (13) . The DNA concentrations were determined using a Model 8452A Diode Array Spectrophotometer (HewlettPackard, Palo Alto, CA, USA).
TaqMan Quantitation
TaqMan PCRs were performed on the ABI P RISM7700 (PE Biosystems, Foster City, CA, USA) as 50-µ L reactions prepared according to the ABI P RISM ™ 7700 User's Manual, except AmpliTaq ® DNA Polymerase, LD (TaqLD; Perkin-Elmer, Norwalk, CT, USA) and TaqStart ™ (CLONTECH Laboratories, Palo Alto, CA, USA) replaced AmpliTaq Gold ™ (PerkinElmer). For each reaction, 0.22 µ L of TaqStart and 1.76 µ L of TaqStart dilution buffer were mixed, and then 0.25 µ L of TaqLD was added. The polymerase mixture was prepared separately and then added to the prepared reaction mixture, which contains appropriate primers (300 nM) and probe (100 nM). The PCR buffer, Buffer A (PerkinElmer), contains a passive reference dye, ROX, which is used to normalize for volume variations.
Two sets of reactions were carried out for each set of sample plasmid preparations. The first reaction set was the 23S E. coli quantitation reaction. All controls and samples were run in duplicate. The controls consisted of reactions with 10 fg, 100 fg, 1 pg, 10 pg, 100 pg and 1 ng of E. coli DH10B genomic DNA for use as standards and a no-template control (water). One-tenth of a microgram of total DNA was run for each sample. The primer set used was 23S 5 ′(GAAAGGCGCGCGA-TACAG) and 23S 3 ′ (GTCCCGCCC -TACTCATCGA) (Retrogen, San Diego, CA, USA). The probe used for 23S quantitation was 6FAM-CCCCGTAC -ACAAAAATGCACATGCTG-6 TAM-RA (Biosearch, Novato, CA, USA and PE Biosystems). The thermal cycler conditions were a 50°C hold for 2 min, a 95°C hold for 10 min and then 40 cycles of 95°C for 15 s and 60°C for 1 min. The standard curve was generated, and the data were analyzed as per the ABI P RISM ™7700 User's Manual. The standard error of the mean (SEM) was used to calculate the error bars.
A second PCR was done to determine if PCR inhibitors were present in the samples. One-tenth of a microgram of each sample DNA was spiked with 100 fg of a plasmid, pAB, which has sequences not contained within the plasmid samples or the host cell genome. One hundered femtograms of the spiked plasmid alone (pAB) and a no template control were also run. The reaction conditions were as per the 23S . This plot is used to generate a standard curve, which is then used to determine the concentration of the unknowns (red). The slope of the of the standard curve is -3.141, and the y-intercept is 37.415. The r 2 value is 0.994.
quantitation but used primers and a probe homologous to pAB. The PCR was run and an amplification plot generated according to the ABI P RISM ™ 7700 User s Manual. If a sample contains a PCR inhibitor, then less product will be generated, leading to an underestimation of the amount of genomic DNA in the plasmid sample.
Southern Blot Analysis
Samples of each plasmid preparation were prepared as follows: ( i ) 3 µ g of sample alone, ( ii ) 3 µ L of sample digested with Plasmid-Safe ® DNase (Epicentre Technologies, Madison, WI, USA), ( iii ) 3 µ g of sample with 500 pg of DH10B DNA and ( iv ) 3 µ g of sample with 500 pg of DH10B DNA digested with Plasmid-Safe DNase (13) . The digestions were performed as per the manufacturer's instructions. Plasmid-Safe DNase selectively digests linear double-stranded DNA and, in this context, is a simple way to verify that the detected signal is specific to E. coli DNA. DH10B standards were created by dilution in the following amounts 1 ng, 500, 200, 100, 50, 20 and 10 pg. The samples, standards and a reagent control were denatured in 500 µ L of 0.01 N NaOH. The denatured DNA samples and controls were immobilized onto a positively charged nylon membrane (Boehringer Mannheim, Indianapolis, IN, USA) using a Slot Blot Apparatus (Bio-Rad, Hercules, CA, USA). The DNA was cross-linked to the membrane using the Model 1800 Stratalinker ® UV Crosslinker (Stratagene, La Jolla, CA, USA). DH10B DNA to be used as a probe was digested for 2 h at 37°C with Hae -III (Promega, Madison, WI, USA). The digested DNA was purified by phenol/ chloroform/isoamyl alcohol extraction and then ethanol-precipitated and resuspended in TE (10 mM Tris-HCl, pH 7.5, 1 mM EDTA) at a concentration of approximately 1.5 mg/mL. The DNA was random-primed, digoxigenin (Dig)-labeled, and the hybridization carried out according to the DIG DNA Labeling and Detection Kit protocol (Boehringer Mannheim). Seventy-five nanograms of probe and 10 mL of standard hybridization buffer were used during the hybridization. DIG detection was also performed according to the DIG DNA Labeling and Detection Kit protocol, except that CDP-Star ® (Boehringer Mannheim) was used as the chemiluminescent substrate. The membrane was exposed to BioMax ® film (Scientific Imaging Systems [Eastman Kodak], New Haven, CT, USA), which was then developed and analyzed using a Personal Densitometer SI ™ (Molecular Dynamics, Sunnyvale, CA, USA). The standard curve was generated based on the optical density of each slot.
RESULTS
Residual E. coli chromosomal DNA in seven plasmid DNA batches was quantitated using PCR and the ABI P RISM7700 Sequence Detection System (TaqMan chemistry). A highly conserved region of the E. coli23S rRNA gene was chosen as target for amplification using PCR. Serial dilutions of DH10B E. coli chromosomal DNA ranging from 10 fg [ca. 300 genomes (2)] to 1 ng (3.0 ×10 7 genomes) per PCR were used as the standards. The standards were tested in duplicate. Figure 1A shows a real-time amplification plot of the standards. Results from the amplification plot were used to determine a standard curve ( Figure 1B) . The standards produced a linear equation with a high correlation coefficient ( r 2 = 0.994) and threshold cycle number (C T ) values between 18.55 and 35.00 ( Figure 1B ). The C T value is determined by the cycle number when the amplification plot passes the threshold setting (the line with a ∆ Rn value of 0.082 in Figure 1A ). This number is proportional to the starting amount of 23S rDNA. The no template control (NTC) replicates had C T values of 37.21 and 38.60 ( Figure 1A) . Background C T values are due to E. coli DNA contamination of the polymerase used, necessitating the use of a hyper- purified polymerase such as TaqLD. These data indicate that the assay is sensitive and quantitative in the 10 fg to 1 ng range. Sample plasmids were tested using 0.1 µ g of plasmid DNA in each reaction tube. Each plasmid was tested in duplicate, and the standard curve was used to determine the amount of E. coli DNA contained within the sample. The mean value and SEM of the set were then calculated. These results are expressed as the amount of E. coli DNA per µ g of plasmid DNA in Figure 2 . The amount of E. coli DNA per 0.1 µ g of plasmid DNA for the 7 samples was within the quantitative range of the assay.
PCR inhibitors contained within the samples will result in a less-efficient PCR and cause an underestimation of the amount of host cell contamination. An independent plasmid system was used to confirm that the efficiencies of the 23S quantitation PCRs were similar. One hundred femtograms of pAB, a plasmid that has sequences not contained within the E. coli genome or the plasmids being tested, were added to 0.1 µ g of each sample and to a water control. A TaqMan PCR was performed using primers and a probe against sequences unique to pAB. Figure 3 shows an amplification plot of the results. If a pAB-spiked sample PCR has an amplification plot that is similar to the pAB control, then the efficiency of the PCR is similar and indicates that no PCR inhibitors are present. If an inhibitor is present, less copies of the reaction product will be generated, so the amplification plot will be skewed to the right and have a higher C T value. The reactions shown in Figure 3 had similar amplification plots and C T values, indicating that the PCR efficiencies were equivalent and thus the presence of 0.1 µ g of nontarget DNA did not have an effect on PCR efficiency. These data also indicate that there are no PCR inhibitors contained within the tested samples. These data affirm the accuracy and robustness of the 23S quantitation.
Spiking of the E. coliDNA standards into a plasmid allows determination of the accuracy of the assay. Two replicates of the 1, 10 and 100 pg and 1 ng standards were each added to 0.1 µ g of the p6 plasmid preparation and compared to standards run without the p6 preparation. The standard curve using unspiked standards from 10 fg to 1 ng had an r 2 = 0.999. The standard curve was used to determine the host cell content of the p6-plasmid preparation and the p6-spiked standards. The host cell content of the p6 preparation was then 522BioTechniques
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Southern Results
The conventional method of quantitating host cell contamination is by means of a Southern Blot. To compare the methods, Southern analysis was performed on the same seven plasmid DNA sample batches used for the TaqMan quantitation. Figure 4a shows a slot blot of standards from 1 ng to 10 pg and plasmid preparations p3-p7. Each plasmid sample is shown as described in the Southern Blot Analysis section (i-iv; Figure 4A ). Since the DNase selectively digests the linear E. coli DNA, but not the circular plasmid DNA, it confirms that the detected signal is specific to E. coli DNA. The standard curve generated by densitometry from this blot ( r 2 = 0.9965) is shown in Figure 4b and was used to calculate the host chromosomal DNA content of the plasmid samples 3-7. The host cell contaminant levels of samples 1 and 2 were also determined (data not shown). Table 2 shows similar results for the TaqMan and Southern blot quantitations. The results of the two assays are similar. The TaqMan-based assay is more precise and has a wider quantitative range.
DISCUSSION
The TaqMan-based 23S E. coli hostcell DNA assay is a rapid and precise method to quantitate the amount of E. coli chromosomal DNA in a plasmid preparation. This assay is quantitative from 10 fg to 1 ng of E. coli DNA per 0.1 µ g of plasmid DNA run. An upper limit of quantitation of 10 ng can also be routinely achieved. The lower limit of detection of this assay is below 1 fg (30 chromosomes) and is only limited by the contamination from the enzyme preparations. The lower limit of quantitation (10 fg in 0.1 µ g of a plasmid) is equivalent to a E. coli DNA contamination in plasmid of 0.00001%. This value is significantly below what is typically observed from extremely clean plasmid preparations (Figure 2) . The use of calibrator samples, samples that are run with every assay, can be used to assure interassay performance. Amplification from an independent plasmid, pAB, spiked into the samples is a simple method for detection of the presence of PCR inhibitors and assures accurate quantitation of the E. coli DNA in the reaction (Figure 3 ). Accurate quantitation of the E. coli DNA also depends on an accurate determination of the plasmid DNA concentration. Accurate measurements of plasmid DNA can be performed by multiple A 260 readings using a UV-visible spectrophotometer. The independent plasmid results ( Figure 3) and the E. coli DNA spike (Table 1) indicate that the amount of plasmid DNA present in the reaction (0.1 µ g) does not have an effect on quantitation.
